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Abstract
Recent detections of the Integrated Sachs-Wolfe effect through the correlation of the cosmic microwave background
temperature anisotropy with traces of large scale structure provided independent evidence for the expansion of the
universe being dominated by something other than matter. Even with perfect data, statistical errors will limit the
accuracy of such measurements to worse than 10%. On the other hand, the extraordinary sensitivity of the ISW effect
to the details of structure formation should help to make up for the lack of precision. In these conference proceedings
I discuss the extent to which future ISW measurements can help in testing the physics responsible for the observed
cosmic acceleration.
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PACS:
As the cosmicmicrowavebackground (CMB) pho-
tons travel to us from the surface of last scattering
they pass through gravitational potentials created
by accreting matter. Photons blueshift when they
fall into potential wells and redshift as they climb
out. In a matter dominated Freidman-Robertson-
Walker (FRW) universe the potentials remain con-
stant with respect to the co-expanding coordinates.
Hence, during matter domination photons redshift
with the expansion but do not gain or loose addi-
tional energy after passing through the potentials.
However, any deviation from matter domination,
e.g. due to dark energy or curvature, causes the po-
tentials to evolve with time, leading to a net change
in photon energies as they pass through them. This is
seen as an additional CMB temperature anisotropy
called the Integrated Sachs-Wolfe (ISW) effect [1].
The ISW contribution to the CMB temperature
anisotropy in a direction nˆ on the sky is approxi-
mately given by
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∆ISW (nˆ) ≈ −2
∫
dη Φ˙[rnˆ, η] , (1)
where Φ is the Newtonian potential, the dot denotes
a derivative with respect to the conformal time η,
and r(η) is the proper distance. This expression ig-
nores the effects of reionization and the possibility
of a non-zero anisotropic stress, both of which are
negligible in conventional cosmological scenarios 1 .
The integral in (1) ranges from the time of last scat-
tering until today. However, it may be possible to
isolate the ISW generated over a smaller period of
time by, e.g., correlating CMBwith large scale struc-
ture (LSS). Furthermore, one can imagine having a
measurement of the ISW effect in multiple redshift
bins. This would provide a probe of how Φ˙ evolves
with time. It was shown in [3] that knowing Φ˙ in
the 0 < z < 2 range with 10% accuracy in redshift
bins of width 0.1 would provide constraints on dark
energy parameters comparable to those from 1% ac-
1 The anisotropic stress can play an important role in some
of the alternative models of gravity [2]
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Fig. 1. The total CMB angular power spectrum (solid line)
and the ISW contribution (dashed lined) for the ΛCDM
model plotted on top of the WMAP 1-year data. The error
bars at low ℓ are dominated by cosmic variance, which makes
it difficult to isolate the ISW contribution to the spectrum.
curacy measurements of other functions of redshift,
such as the luminosity distance or the growth factor.
It is practically impossible to measure the ISW
effect using CMB measurements alone. As shown in
Fig. 1 for the case of the standard ΛCDM model,
the ISW contribution to the total CMB spectrum
is only significant on the largest scales, where our
ability to extract information is fundamentally lim-
ited by cosmic variance. Fortunately, there are ways
to detect the ISW effect by means other than the
CMB spectrum. One possibility, suggested in [4], is
to look at the CMB polarization towards clusters
of galaxies. Polarization is produced when photons
with a non-zero temperature quadrupole scatter on
charged particles, such as hot gas in clusters. Hence,
measuring the polarization of CMB coming from the
direction of a cluster is telling us what the CMB
temperature quadrupole was at the redshift of the
cluster. The main contribution to the temperature
quadrupole comes from the epoch of last scattering
and does not change with redshift. The ISW con-
tribution, on the other hand, will evolve with time.
Therefore, knowing the quadrupole at several red-
shifts can help isolate its time-varying component.
Estimates of howwell the future generation of exper-
iments, such as CMBPOL, coupled with cluster red-
shift surveys, can isolate the ISW component using
this technique were presented in [3] along with pre-
liminary forecasts on dark energy parameters. The
potential and the limitation of this type of measure-
ments have been further studied in [5,6,7].
Another way to isolate the ISW effect from the
rest of the CMB is to cross-correlate the large scale
CMB anisotropy with a map of the CMB shear field.
This idea, proposed in [8], is based on the fact that
the same gravitational potentials that lens the CMB
would also produce an ISW signal. So, there will be
a non-zero correlation of shear with the ISW part of
CMB, but not with the primordial part coming from
the surface of last scattering. As shown in [8], if the
low CMB large scale power was due to a cutoff in
the primordial spectrum, the signal to noise of this
correlation would be significantly enhanced. This is
because the correlation of the ISWpart of CMBwith
the shear would not be affected, but the reduction
in the primordial part of the CMB spectrum would
lower the variance. The forecast, according to [8], is
that this type of measurements will be possible with
future missions such as CMBPOL, but probably not
before then.
At this time, the most feasible way of measuring
the ISW effect is by correlatingCMBwith large scale
structure, as first proposed by Crittenden and Turok
in 1995 [9]. Such correlation has indeed been de-
tected between the CMB data from WMAP and ex-
isting catalogs of tracers of large scale structure [10].
The combined significance of the detection of the
ISW effect using current data from SDSS, 2MASS
and NVSS is, quite conservatively, at a 5σ level [11].
Current measurements of the CMB/LSS correla-
tion are only beginning to approach precision levels
where they can contribute information about cos-
mological parameters. For example, in Ref. [13] the
compiled cross-correlation data from [12] was used
to put constraints on a constant dark energy equa-
tion of state parameter w and the dark energy speed
of sound c2s. The verdict is that these constraints
are marginally informative but far from competi-
tive. The same complication of data was used in [14]
to put a constraint on the tensor mode amplitude
r. Since LSS only correlates with the scalar modes,
does not depend on the reionization optical depth,
and provides a handle on the galaxy bias, it helps to
break some degeneracies that affect the extraction
of r. It was found in [14] that adding the existing
cross-correlation data to the information pool low-
ers the bound r < 0.9 derived from the WMAP 1-
year data combined with SDSS or 2dF to r < 0.5.
However, as the quality of the data improves, the
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Fig. 2. Top panel: the total expected LSST galaxy number
distribution and its breakdown into ten photometric redshift
bins. The distribution shown here is plotted using the param-
eters provided in the LSST white paper [17], and is slightly
different from the one assumed in [14]. This difference does
not lead to a noticeable change in any of the constraints
on dark energy parameters. Bottom panel: the expected
LSST/Planck cross-correlation signal-to-noise in each of the
bins for the best fit LCDM model. The dark (red) shading
corresponds to a half sky coverage by LSST, while the light
(red) shading is for the full sky.
relative utility of the cross-correlation will become
weaker. Already, it cannot significantly improve on
the constraint r < 0.3 obtained from the WMAP
3-year data combined with SDSS [15].
What we would like to address in the remainder
of these proceedings is the utility of future measure-
ments of the ISW effect. We will imagine correlating
CMB data from Planck with photometric redshift
galaxy catalogs from the proposed Large Synoptic
Survey Telescope (LSST) [17]. The details of our
assumptions for Planck and LSST can be found in
[16]. We assume that LSST will cover half of the full
sky and catalog around 50 gal/arcmin2 in ten pho-
tometric redshift bins spaced evenly between z = 0
and 3. The total galaxy number distribution and its
breakdown into photometric bins are plotted as a
function of redshift in the top panel of Fig. 2. Corre-
lating CMB with galaxies in each of the photometric
bins gives the ISW contribution at mean redshifts
of different bins, allowing us to map the evolution of
Φ˙ with time.
In order to put the discussion on a more quanti-
Fig. 3. The angular spectrum of the correlation of the Planck
CMB temperature with the 4-th LSST bin in Fig. 2 for the
best fit LCDM model. Shown are the statistical error bars
based on a half (lager blue) and a full (smaller red) sky
coverage by LSST.
tative footing we need to define some notation [18].
The CMB temperature is a function of the direc-
tion on the sky, T (nˆ). Its two-point auto-correlation
function C(|nˆ − nˆ′|) = C(θ) = 〈T (nˆ)T (nˆ′)〉 is usu-
ally decomposed into a Legendre series with coeffi-
cients Cℓ. It is common to evaluate the CMB angu-
lar spectrum, ℓ(ℓ+1)Cℓ/2π vs ℓ, which is the quan-
tity plotted in Fig. 1. The distribution of galaxies
in the i-th photometric bin is also a function of nˆ,
M (i)(nˆ). Here one can define Legendre coefficients
M
(ij)
ℓ corresponding to the two-point correlation be-
tween galaxies in the i-th and the j-th bins. The
cross-correlation between CMB and galaxies in one
of the bins can be similarly represented in terms of
the angular spectrum X
(i)
ℓ defined via
〈T (nˆ)M (i)(nˆ′)〉 ≡ X(i)(θ) =
∞∑
ℓ=0
2ℓ+ 1
4π
X
(i)
ℓ Pℓ(θ)(2)
The time-evolution of galaxy clustering is described
by the so-called growth factor, D(a), which in
general relativity is scale-independent in the lin-
ear regime. The ISW contribution to the CMB
anisotropy is sourced by the time-derivative of the
gravitational potential, related to the growth fac-
tor via the Poisson equation: Φ˙ ∝ d(D(a)/a)/dη.
The correlation between clustering and the CMB is
3
Fig. 4. The expected signal-to-noise in correlation of the
Planck CMB temperature with the LSST galaxies (Fig. 2) for
three different dark energy models (135◦ red shading) com-
pared to the best fit LCDM (45◦ blue shading). A half-sky
LSST coverage is assumed. Shown are results the constant
w = −0.8 and w = −0.9 models, and the kink model (Fig. 6).
The Hubble parameter was adjusted to give nearly identical
CMB spectra for all models being compared.
essentially probing the quantity
P (z¯i) = D(z¯i)
(
d
dz
[(1 + z)D(z)]
)
z=z¯i
(3)
where z¯i is the mean redshift of a given bin. Having
multiple bins, as in Fig. 2, would allow one to trace
the evolution of P (z) over a wide range of redshifts.
Since, as shown in [3,16,19], it is an extremely sensi-
tive probe of dark energy, even a marginal measure-
ment of P (z) would be of high value.
The statistical signal-to-noise (S/N) in X
(i)
ℓ is
given by
(
S
N
)2
ℓ
=
fsky(2ℓ+ 1)
4π
(X
(i)
ℓ )
2
CℓM
(ii)
ℓ + (X
(i)
ℓ )
2
, (4)
and generally CℓM
(ii)
ℓ ≫ (X
(i)
ℓ )
2 because there is a
large contribution to the Cℓ coming from the last
scattering epoch that does not correlated with the
low-redshift universe. The S/N expected for the
LCDM model in each of the LSST bins is shown
in the bottom panel of Fig. 2. The distribution of
the S/N can depend strongly on the particular dark
energy model. In models with w > −1 dark energy
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Fig. 5. The 1σ projected Fisher contours for parameters of
the model with w given by eq. (5). Other parameters were
marginalized over. The (blue) thin solid lines are for Planck’s
CMB. Here, the larger contours are for temperature spectra
alone, while the smaller ones include information from CMB
polarization. The (red) think solid lines are constraints from
CMB spectra combined with CMB correlation with LSST
galaxies. The (black) dashed contours are for the supernovae
from SNAP (using the assumptions of [21]) combined with
Planck. The plot is taken from [16].
starts to dominate earlier, leading to an earlier con-
tribution to the ISW effect. The difference in the
S/N for different models is shown in Fig. 4, where
the Hubble parameter in each of the three case was
adjusted to keep the peak structure of the CMB
spectra nearly identical to the best fit LCDM. The
difference is particularly pronounced for the so-
called kink model, in which w undergoes a sharp
transition from a higher to lower value.
In [16] Fisher matrix analysis was used to forecast
errors on evolving w(z). Such forecasts, of course,
depend on the choice of the model of w(z) and the
fiducial values of the parameters. Here we show re-
sults for two models. In Model I the parameteriza-
tion is [20]
w(a) = w0 + (a− 1)δw (5)
with fiducial values of the parameters chosen to rep-
resent the LCDM model: w0 = −1, δw = 0. The
projected 1σ contours on these parameters and ΩM
are shown in Fig. 5. Spatial flatness and adiabatic
initial conditions, favored by the WMAP data, were
assumed. The usual cosmological parameters were
also varied and marginalized over. It is clear that
for this model the cross-correlations constraints on
dark energy are informative, but somewhat weaker
than those derived from the supernovae data.
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Fig. 6. The w(z) vs z in the kink model with ∆z = 0.3,
∆w = −0.3 and 〈w〉 = −0.9 This model predicts CMB
spectrum nearly identical to that with w = const = 〈w〉,
shown with a dash line.
To illustrate how the choice of the model can af-
fect the forecasts, we also show results obtained in
[16] for the so-called kink model. In the kink model,
shown in Fig. 6, w transitions from −1 at low red-
shifts to a higher value in the past. The supernovae
would have a difficulty ”seeing” such a transition
had it occurred at a sufficiently high redshift. The
CMB/LSS correlation, on the other hand, can prove
to be a useful tool in this case. We describe the kink
in Fig. 6 using three parameters.Those are the width
of the transition ∆z, the total change in the equa-
tion of state, ∆w, and the weighted average value
〈w〉 defined as
〈w〉 =
∫
daΩDE(a)w(a)∫
daΩDE(a)
(6)
This quantity controls the angular diameter distance
to the last scattering [22]. Making 〈w〉 and explicit
parameter has the advantage of being able to clearly
separate models that fit the peak structure of the
CMB angular spectrum from those that do not.
Fisher errors for the kink model parameters were
calculated in [16] under the assumption of flat ge-
ometry and adiabatic initial conditions. In Fig. 7 we
show the 1σ projected contours on ΩM , ∆w and 〈w〉.
The other parameters, including ∆z , are marginal-
ized over. For this model the cross-correlation mea-
surements can provide competitive constraints on
dark energy evolution.
A more model-independent approach to forecast-
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Fig. 7. The 1σ projected Fisher contours for parameters of
the kink model. ∆z and other parameters were marginalized
over. The meaning of the different lines is the same as in
Fig. 5 – the contours corresponding to the cross-correlation
of Planck and LSST, with added information from CMB
spectra, are shown with (red) thick solid lines.
ing constraints on w(z) is provided by the principal
component analysis introduced to dark energy stud-
ies in [23]. A study comparing the power of different
types of dark energy experiments using the principal
component approach was performed in [24]. It was
shown that the CMB/LSS correlation can provide a
constraint on one principal component ofw(z) which
would be complementary to information provided
by other probes. The CMB/LSS correlation, simi-
lar to the CMB auto-correlation, is sensitive to an
averaged value of w(z) with added weight at higher
redshifts.
Constraining the dark energy equation of state
is only one of several promising applications of the
ISW effect. It can also be a potentially useful probe
of dark energy clustering [25,26,13], and a unique
tool for testing models that explain apparent cos-
mic acceleration through modifications of Einstein’s
theory of gravity [2,27].
In summary, the ISW effect is not the most pre-
cise measurement we have in modern cosmology.
However, with future surveys of large scale struc-
ture, such as LSST and the Square Kilometer Array
(SKA) [28] covering large fractions of the sky and a
wide range of redshifts, cross-correlation with CMB
will likely become a standard tool for testing cosmo-
logical models that predict unconventional growth
history at high to moderate redshifts. What allows
the ISW effect to overcome the lack of accuracy is its
extraordinary sensitivity to the details of the process
5
of structure formation, whether it involves a scalar
field dark energy, dark energy clustering or modi-
fications of gravity. The ISW effect is free of some
of the complicated physics involved in other probes
of structure growth as it probes only linear scales,
has a linear dependence on the galaxy bias, probes
deep in redshift and is free of some of the degenera-
cies that hinder CMB studies on large scales. Given
these strengths, and the fact that the utility of the
ISW effect is a relatively under-researched subject,
its most useful application may still be discovered
in the future.
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